A series of paramagnetic (S = 3/2) chromium half-sandwiches of the type CpCrX2D (D = donor) were synthesized by starting from [CpCrX2]2, Cp2Cr, CpCrCl2(THF), and Cp*Cr(CH3)2[P(CH3)3]. Besides the parent cyclopentadienyl (Cp) the alkylated derivatives CH3C5H4, (CH3)5C5 (Cp*), and C2H5(CH3)4C5 were bound to chromium. The electronegative substituent was X = F, Cl, Br, I, and triflate, while the donors were three ethers, four ketones, dimethylsulfoxide, acetonitrile, methylisocyanide, pyridine, and seven molecules ER3 where E = N, P, As, Sb. The half-sandwiches were partly isolated and partly established in solution. The l3C and 'H NMR spectra showed strongly shifted signals which allowed to quantitatively investigate the equilibrium between CpCrX2D and the anti ferromagnetic species [CpCrX2]2. The NMR signals of CpCrX2D and its substituted derivatives appeared in characteristic ranges thus providing a means of rapid identification. Considerable spin density was found to be induced on the ligands; it is negative in the Cp 7r system. As for the donors, inter-and in tramolecular dynamic behavior as well as selective spin transfer to the 7 protons of acetonitrile, methylisocyanide, and ketones was detected.
Introduction
The existence of cyclopentadienylchromium(III) (CpCr) half-sandwiches was established as early as 1956 [1] , and in 1963 it was shown that a variety of derivatives could be made [2] . The. general formula CpCrX2D (were D stands for donor) is very sim ple thus making this type of compound an attractive starting material. Nevertheless, for quite some time, the efforts were rather limited [3] . A conceivable reason is the fact that the compounds have three un paired electrons [2] which seemed to render rapid investigation of the reaction products difficult. It turned out, however, that CpCr(III) derivatives can be studied conveniently by NMR spectroscopy [4] . In view of more recent results in CpCr(III) chem istry [5] including their relevance to the Phillips pro cess of olefin polymerization [5e, 6] we report here on a series of partly substituted CpCrX2D deriva tives which were synthesized as reference and start ing compounds [7] .
Exploratory experiments showed that the molecule tolerated the modification of all ligands. Thus Cp was replaced by CH3C5H4, Cp*, and C2H5(CH3)4C5; previously we reported a derivative having silyl-bridged Cp ligands [8] . The ligands X could be varied including X = F, Cl. Br, I, and triflate. Finally, various donor molecules proved to coordi nate to the CpCrX2 fragment. The compounds thus obtained are listed in Tables I and II. The most general synthetic approach to CpCrX2-donor compounds is the cleavage of [CpCrX2]2 by donor molecules (step a. Scheme 1). Actually, this is an equilibrium reaction which can be followed conveniently by 'H NMR spectroscopy as shown in Figure 1 for the reaction with acetone (eq. (1) [11] .
Chromocene is another useful precursor of CpCrX2-donor compounds. According to step c of Scheme 1 the reaction with an acid in the presence of a donor gave CpCr(OTf)2(THF) (3, OTf = trifluormethylsulfonate) and CpCrBr2(THF) (5) in good yields while the procedure leading to CpCr(OTf)2(NCCH3) (19) was not optimized (Ta ble III). The reaction was found to depend on the acid strength. Thus, with HBr, Cp2Cr was first con verted to Cp2Cr+ followed by CpCrBr^ [5c] before 5 was formed. This is similar to the reaction with trifluoracetic acid [12] . By contrast, we could not detect any intermediate during the reaction with CF3S 0 3H. Note that with r-butanol and /-butylmercaptane the reaction takes a different course yielding [CpCr(/-BuO)]2 and [CpCr(r-BuS)]2S, re spectively [13] .
As mentioned earlier CpCtXtD may lose its donor to give [CpCrX2]2. Similarly, it must be pos sible to replace D by another donor in an equi librium reaction (steps d and e, Scheme 1). This was verified by converting CpCrCl-,(THF) into CpCrCl2[P(CH2CH3)3] (13).
We found it difficult to introduce the fluoride anion by using the approaches described so far. By contrast, Cp*Cr(CH3)2[P(CH3)3] [5b] proved to be a suitable starting compound because it re acted with triethylammonium fluoride under very mild conditions. Not only was CH^ substituted by F -but also phosphane by amine, and the el emental analysis disclosed that one mole of HF per Cp*CrF2[N(CH2CH3)3] (25) was present in the solid product. This approach, which is generalized as step f in Scheme 1, seems promising for the clean introduction of less common substituents X.
All half-sandwiches of the type CpCrX2D were soluble in polar solvents to give dark blue solutions. The UV/vis spectra showed characteristic bands near 280, 470, and 600 nm. The positions of the latter two bands changed depending on D, and oc casionally a shoulder appeared near 700 nm. In the solid state the almost black compounds were ther mally rather stable (Table III) , while in solution D was split off partly.
B. N M R S tu d ies
Besides the isolated compounds listed in Ta ble III various Cp(,(<)CrX2-donor compounds were investigated by adding the donor to a solution of [Cp(:i:,CrX2]2 in CDC13. The results are collected in Tables I and II ; the labeling scheme of the nu clei is given below. In all cases C p^C rX iD and [Cp(H c)CrX2]2 coexisted in the accessible tempera ture range similar to the example given in Fig. 1 .
Before we concentrate on the mononuclear half sandwiches it is worth mentioning that their dif ferentiation from the dinuclear species is straight forward and enlightening at the same time. Thus, two rather different shift ranges for the Cp proton signals were found at 305 K: more than 230 ppm for CpCrX2D and 149 ppm for [CpCrCl2]2. The differ ence reflects the fact that the mononuclear species have three unpaired electrons which are coupled antiferromagnetically in the dinuclear species. The antiferromagnetism is not only associated with a much smaller signal shift, but also with a strong deviation of its temperature behavior from the For the mononuclear species CpCrX->D t>T( 1H) is not constant either. The slope of the i^T ( 1H )-T curves of the Cp signals is opposite to that of [CpCrCl2]2, and it depends on the donor. Although its origin is unclear it does not detract from analysing the trends of the signal shifts (vide infra).
The *H and I3C NMR signals of the Cp or Cp* ligands of C p^C rX^D appear in characteristic shift ranges, which are visualized in Fig. 3 . It follows that half-sandwiches of this type may be identified con veniently. In addition, these ranges lead to a quali tative understanding of the spin distribution within the molecules which is a prerequisite for deliber ate changes of the spin delocalization. As a mea sure of the spin densities the contact shifts < 5con are obtained by subtracting the dipolar shifts 6dip from the paramagnetic shifts <$para of Tables I and III. In Hatched and dotted ranges denote nuclei which are sepa rated from the five-membered ring by one and two bonds, respectively.
the experimental part it is shown that the < 5dip-values should be very small. A possible exception is C l -5 of Cp when we assume a rather distorted geometry.
Then small negative < 5con-values would be expected for C l -5. What emerges in all cases is a pattern of contact shifts which alternate from low to high and back to low frequency as we pass from C 1 -5 to nu clei that are separated by one bond (H I-5 or CH3) and by two bonds (CH3) (Fig. 3) . As discussed pre viously [14] , this is indicative of a 7r polarization mechanism which would induce negative spin in the Cp 7T system and hence lead to negative values for < 5con(C l-5) and positive values for < 5con(H l-5) and < 5con(CH3). The fact that the latter two shifts are large while < $con(C l-5) is around zero uncovers additional a delocalization. This mechanism trans mits positive spin to all nuclei so that at C l -5, as an example, both spin contributions almost cancel whereas at H 1-5 they add. In conclusion, any manip ulation of the spin distribution within Cp(*)CrX2D must consider two delocalization mechanimsms for the Cp ligands.
As for the donor ligands, no paramagnetically shifted signal was found when the Cp was peralkylated and when the donor was THF (22-24 and 31 in Table II ). The same was true for the 18crown6 adduct 2. This must be ascribed to rapid exchange between ether molecules that are coordinated and an excess of free ether which ties its signals to the diamagnetic shift range. By contrast, separate sig nals were found for the coordinated and free donors in all other cases, in particular for CpCrX2(THF) (3-6 in Table I ). It follows that the activation bar rier of the donor exchange may be lowered by alkylating the Cp.
Inspection of the donor signal shifts in Tables I  and II suggests various features to be analysed, a task which is outside the scope of this paper. Here we select the strongly shifted 1H NMR signals of NCCH3 and CNCH3 (19-21, 28, and 29) . The en gagement of the donor orbitals in the electron de localization may be derived from a simple qualita tive MO diagram. Figure 4 shows the interaction of the three singly occupied orbitals of the fragment CpCrX2 [15] and the relevant orbitals of CNCH3 [16] . The delocalization of the electron in the la' orbital can be neglected owing to symmetry restric tions. By contrast, the orbitals la", 7ra, and 7r* as well as 2a', 7rs, and 7r* are engaged in strong threeorbital interactions. The resulting MOs A and B, which are also given in Fig. 4 , reflect the expected spin distribution: little spin at the carbon bound to chromium and at CH3, much spin at nitrogen and at the protons. A very similar orbital pattern results when the donor is NCCH3 rather than CNCH3, be cause the energies of the ligand n orbitals are similar [16] . Indeed, the 'H NMR signals of both donors all appear between 162 and 169 ppm. The sign of the spin density must be the same at Cr and CH3, i. e., it must be positive. Accordingly these signals appear at high frequency.
Finally, we mention the series CpCrCl2(ketone) (8-11 in Table I ). When going from a strained cyclic ketone (9 and 10) to an unstrained analogue (8 and 11) the !H NMR signal shift of the protons next to the carbonyl group (H7 ) decreases sharply. The reason is illustrated in Fig. 5 where the chromiumcarbonyl fragment (Fig. 5A ) is assumed to be linear for simplicity. Similarly as shown in Fig. 4 for the isocyanide ligand, the 7r-type fragment orbitals la" and 2a' of CpCrX2 are engaged in the spin transfer to the ketone ligand. The result of the interaction (9) .
E: View as in D, but for the acetone adduct (8).
with the 7T and 7r* orbitals of the carbonyl group is shown in Figs. 5B and 5C: the spin will reside mainly on the carbonyl C-atom. Further transfer to H7 occurs through hyperconjugation which de pends on the dihedral angle 9 between the C -H bond and the orbital shown in Figs. 5D and 5E (<5con ~ cos2 9 + const.). When the donor is cyclobu tanone (9) the C -H bonds are fixed (Fig. 5D ) or nearly so for cyclopentanone (10) . In both cases 9 (which is close to 9' in Fig. 5D ) is in the range of 30 0 and thus leads to an efficient spin transfer re flected by large signal shifts (<5para(H7 ) = 104.8 and 111.1 for 9 and 10, respectively). When the donor is cyclohexanone ( 11) rapid ring inversion gives an averaged signal for the axial and equatorial protons at all sites of the six-membered ring. As for 9, the situation is similar to that of acetone in 8, where the rotation of the CH3 groups leads to an average dihedral angle of 9 = 45°. Hence less spin is trans mitted and the signal shifts are smaller (<$para(H7 ) = 76.7 and 73.2 for 8 and 11, respectively). Note that the 6-values follow the expected cos29 dependence rather closely. This means that other factors which influence the spin transfer from chromium to the carbonyl C-atom play a minor role.
Conclusion
This works widens the limits for modifying the half-sandwich CpCrX,D. Fast relaxation of its three unpaired electrons allow well-resolved NMR spectra to be recorded. They are the basis for the convenient identification of these molecules in so lution. Quantitative spectral analysis yields the ther modynamic parameters of the equilibrium between [CpCrX2]2 and CpCrX2D. The trends of the NMR signal shifts are a guide for manipulating the spin density on the Cp ligands and on the donor ligands. This should be useful for establishing magnetic ex change across bidentate donors which can bridge CpCrX2 fragments.
Experimental
All compounds were synthesized and investi gated under purified dinitrogen by using combined Schlenk/cannula techniques and oxygen-free solvents. The melting points were determined in sealed capillar ies and the elemental analyses were carried out by the Inorganic Microanalytical Laboratory at Garching.
Di-p -c h lo ro d ic h lo ro b is(ij-c y c lo p e n ta d ien yl)-a n d -(m eth yl-T j-cyclopen tadien yl)dich rom iu m
The synthesis given in ref. 4 
was improved as follows.
A solution of 7.5g (20 mmol) of CrCl3(THF)3in 200 ml of THF was cooled to 0 °C and 14.8 ml of a 1.49 M solution of CpNa in THF was added under stirring. Immediate reaction was indicated by a color change from red-violet to dark blue. The mixture was allowed to warm to ambient temperature, THF was removed under reduced pressure, and 200 ml of toluene was added to the residue. In order to remove THF which was coordinated to CpCrCl2, ca. 120 ml of the toluene was distilled off at ambient pressure while the rest was evaporated in vacuo. The remaining solid was extracted with CHC13 in an Soxhlet apparatus, the resulting blue solution was filtered and concentrated to 50 ml. Cooling to -20 °C gave 4.2 g (57 %) of blue-green microcrystalline [CpCrCl2]2.
Similarly 6.22 g (16.6 mmol) of CrCl3(THF)3 in 300 ml of THF and 7.9 ml of a 2. [18] , respectively, were sus pended in 50 to 100 ml of Et20 (CHC13 for 20, 21 and  29) . When two equivalents of the donor was added the solid dissolved and the color darkened to blue-violet. Lit tle solid material that remained occasionally could be dis solved by further adding Et20 . The solution was filtered and cooled (0 to -30 °C) whereupon dark blue needles of the donor adducts 14,16,17,20,21,24,29, and 30 formed. After recrystallization from Et20 or CHC13/Et20 (20, 21, and 29) the compounds were obtained in yields given in Table III . Also collected in Table III are the melting points and the analytical data.
(rj-Cyclopentadienyl)(dichloro )chromium( triethylphosphane)(13)
To a 0.34 g amount (1.3 mmol) of CpCrCl2(THF) [2] in 50 ml of THF was added 0.4 ml (2.7 mmol) of P(CH2CH3)3. THF was removed under reduced pressure and the residue was dissolved in a minimum of Et20. When the solution was cooled, 13 formed as dark blue microcrystals (cf. data in Table III) . To a solution of chromocene (3.5 to 12.0 mmol) in 50 ml of THF (or CH3CN for 19) slightly more than two equivalents of trifiuormethylsulfonic acid was added. This led to an immediate color change from red to blue-violet. In order to obtain 5, dry HBr gas was passed into the solution of chromocene. First a yellow precipitate formed which turned into a green one [5c], and eventually a dark blue solution was obtained. On being cooled the solution gave dark blue microcrystals of 5. In order to isolate the trifiates the solvents were removed from the crude reaction products, and the residues were extracted with 150 ml of Et20 and 100 ml of boiling toluene for 3 and 19, respectively. Some remaining acetonitrile was distilled off together with 20 ml of toluene after the extraction process. Filtering and cooling the solutions so obtained gave dark blue crystals (cf. data in Table III) . The NMR spectra were recorded on a Bruker CXP 200 and a Jeol JNM GX 270 spectrometer by using tubes with ground glass fittings and stoppers. A Lauda R42 resis tance thermometer was used for temperature calibration during the variable temperature experiments; the error is estimated to be ± 0.3 K. Unless a full temperature series was run, the spectra were recorded at 305 K, a temperature that was easier to control than the usual stan dard temperature 298 K. The samples were prepared by dissolving either the isolated compounds listed in Table  III or 
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